Design of water structures and their segments including spillways play an important role in water resources management and agricultural activities. In the the linear body part of an ogee spillway, for speeding up the flow rate, the flow should be transferred to the stilling basin by inverse curve so that the water energy can be reduced. This study aims to evaluate the effect of the inverse profile curvature on the pressure of spillway surface using Fluent software. For this purpose, five different curvatures of inverse profile were considered to be equal to no-curvature (zero), 1, 1.5, 2 and 2.5 of the spillway design head. The results indicated that by increasing the curvature radius, the maximum pressure dramatically reduced. And for this purpose, some relationships were given to predict the pressure reduction. Pressure increment in zero curvature is caused by sudden collision of flow lines and turbulence caused by it. By increase in inverse profile curvature, the turbulence is created in flow lines and the maximum pressure shows a lower value than before. In general, there was little change in the average absolute pressure.
Introduction
Ogee spillway is one of the most common yet the least expensive spillways which can pass large amount of water. This spillway is composed of different parts. One of the important segments of these spillways that was less investigated by researchers is the inverse curvature at the end of the ogee spillway which transfers the flow on the spillway profile to the stilling basin. These spillways are often used in diversion weirs due to high hydraulic efficiency.
Many studies are implemented in the field of experimental and numerical design of ogee spillways. One of the issues raised due to the falling jet effect on downstream of hydraulic structures are energy dissipation and erosion. An important parameter in hydraulic systems is control of flow rate and pressure on the spillway [1] . Bradley (1945) , defined four distinct types of flows over spillways. Flow type I is a rapid flow with supercritical regime; type 2 has a stationary hydraulic jump; flow type 3 includes submerged jump and type 4 describes the spillway submergence [2] . Cassidy (1965) applied Laplace equation for the first time using finite difference method for flow analysis on ogee spillway Using potential flow theory, he examined the flow pressure on spillways and free surface of water and verified his numerical model with the use of laboratory results [3] . Maynord (1985) examined a simple way to design the ogee spillway crest curve. He measured the discharge coefficient and static pressure on the crest as well as the water surface profile both with and without base, and presented their results in graphs and tables. He came to the conclusion that low spillway height and broad crest have the same discharge characteristics [4] . Savage and Johnson (2001) modeled the flow over an ogee spillway physically and numerically and also compared their results with the data on the USBR and USACE. For comparison, they used dimensionless discharge curves and achieved a good agreement in physical and numerical results [5] . Chunrong et al. (2002) used fluid volume method to simulate the flow in circular crest spillways. Then, the 1147 results of numerical simulations were compared with experimental results. The results showed good agreement between the numerical and experimental results [6] . Chatila and Tabara (2004) modeled water surface profiles over ogee spillways, using computational fluid dynamics of finite element software (ADINA) and -turbulence model. Their calculations showed a reasonable agreement with experimental results [7] . Johnson and Savage (2006) studied experimental and numerical results of the flow over ogee spillways considering the effect of tailwater. Comparison of their results showed that there is a good agreement between experimental and numerical results and that the numerical solution can simulate the flow over the spillway well and pressure distribution on the spillway. Hence, it is a useful software for simulation of hydraulic structures such as dams and spillways [8] .
Tullis (2010) reviewed the discharge coefficient of submerged ogee spillways. He re-examined the proposed method to predict the discharge coefficient by USBR and compared the results of this method with the results of his experiments for 9 different geometries of ogee spillway and a wide range of submerged flows. According to Tullis, there is a relatively poor compatibility between his laboratory results and the results obtained by USBR method. So, he has offered alternative relations to predict the discharge coefficient of submerged ogee spillovers [9] . Vosoughifar and Daneshkhah (2010) conducted a numerical study of the flow over ogee spillways with Fluent software. Using the Froude number obtained from simulations in different parts of the spillway, they determined the range of flow regimes in those points. Their results showed that reduction in the design head, increase the average rate of the flow over spillway consequently, the Froude number also decreases [10] . Morales et al. (2012) conducted a numerical and physical modeling of ogee spillway with radial valve of the Connor River diversion dam in Ecuador. Water surface profiles and the relative rate were compared in two models and a good agreement between these two methods was achieved [11] . Alhashimi (2013) conducted a numerical study of the flow over the ogee spillway with different turbulence models. He used Fluent software to perform simulations. His results showed that results of the numerical solution with k-ε turbulence model have a high accuracy compared to other turbulence models and are closer to experimental results [12] . Daneshfaraz et al. (2014) conducted a numerical study of the flow over stepped and ogee spillways with finite volume and finite element. In that study, they compared two discretization methods in numerical solution through FLUENT and ADINA softwares and also compared the results with experimental data. Finding good agreement between experimental and numerical results. Meantime, results of the limited volume of Fluent software were more accurate than the finite element of ADINA software [13] . Herrera Granados and Kostecki (2016) also conducted an experimental and numerical study of flow over ogee spillway. It was about Niedów barrage in the southern Poland. Their aim was to evaluate the spillway discharge floods. Their results showed a good agreement between the numerical and experimental results. As well, the dam with an ogee spillway had the potential of flood evacuation in the event of catastrophic flooding [14] . Daneshfaraz et al. (2016) adopted standard -, renormalization group -, and standard -turbulence model to simulate the four step arrangements stepped spillways. And pressure distribution was studied by RNG -turbulence model, which was regarded as the optimal turbulence model through comparing the physical value and numerical value of water level [15] .
In spite of numerous studies which have been dedicated to numerical simulation of flow over ogee spillways, the effect of inverse curve on flow parameters such as pressure is less than clear cut. In this study, the flow over ogee spillway was simulated 2 dimensionally using Fluent software. After studying the simulation results and comparing them with experimental results (Chatila and Tabara, 2004) , different inverse curvature profiles were suggested. Numerical simulation was also performed for each of the profiles and the results were discussed.
Materials and Methods

Governing Equations
Equations governing a viscous incompressible fluid in a turbulent state are expressed by in depth averaged NavierStokes equations, so called Reynolds, which include the equations of continuity and motion [16] .
(1)
In the above equations ui is the rate factor in the direction xi, P is the total pressure, is the fluid density, gi is the velocity gravity in xi direction, Sij is the stress tensor. These can be expressed as the following equation for the turbulent flow [16] .
In the above equations, vt is the eddy viscosity which is a function of flow and turbulence characteristics. (4)
Numerical Model
In this paper, Fluent Software has been used to study the physical properties of flow over ogee spillways. For this purpose, it is required to plot the geometry of model and meshing using GAMBIT software. Fluent is a multipurpose software used for the modeling of fluid flow, transfer of heat and chemical reactions. It has the capability of analyzing complicated and turbulent flows and it is based on finite volume method, which is a very strong method to solve computational fluid dynamics [10] . It should be noted that the volume of fluid (VOF) is used in this study to obtain water surface profiles. The variable function of is used in VOF method which is a part of water volume in the computational cell. If is equal to 1, it represents a cell full of water and if is equal to zero, it means that there is no air in the cell. For 1 < < 0, alpha represents the fullness percentage of the cell. Therefore by considering the free surface in a given volume fraction, the free surface flow can be determined. The amount of for determining the water surface profile is usually equal to 0.5 as prescribed value [17] .
A turbulence model is needed for additional modeling of nonlinear Reynolds stress term. For this purpose, the RNG* k-ε turbulence model is used in this study to simulate mean flow characteristics for turbulent flow conditions . the RNG k-ε could couple successfully with a large number of meshes. It has been utilized successfully in the similar numerical studies which simulated Flow through the weir [15, [18] [19] [20] .
The RNG k-ε model is a two-equation turbulence model. The first equation (Equation 6 ) determines the energy in the turbulence and is called turbulent kinetic energy (k) and the second equation (Equation 7 ) is the turbulent dissipation (ε), which determines the rate of dissipation of the turbulent kinetic energy.
In which:
In the RNG k-ε turbulence model, µ = 0.0845; 1 = 1.42; 2 = 1.68; = 0.7194; = 0.7194; 0 = 4.38; and = 0.012. These adjustable constants have been arrived by data fitting a wide range of turbulent flows [21] .
* Re-Normalization Group
The Model Geometry, Meshing, and Boundary Conditions
Ogee spillway profile body designed based on the design table 111-2/1 of USACE-WES. Spillway body components include an upstream vertical plane (Part 1 in Figure 1 ), two arcs with curvature radii of 0.2 and 0.5 in the spillway crest (Part 2 and 3 in Figure 1 ), spillway curve obtained by equation 6 (part 4 in Figure 1 ), the linear part (part 5 in Figure 1 ), and the inverse curve for transferring the flow from the spillway body into the stilling basin (part 6 in Figure  1 ). Figure 2 , a 2D grid was used for mesh generation which quadrilateral mesh is selected (Due to the geometry of spillway, Map mesh was used in some areas and Pave mesh was used in some other areas). Mesh sizes in areas such as the spillway profiles surface, where changes in the values of parameters such as pressure were important, were considered much smaller than other points. This also helped to increase the speed of analysis. Figure 3 shows the meshing details of ogee spillway for the case where the inverse curve radius is equal to the spillway design head. In table 1, meshing details, number of meshes, water head, and input rate are shown in all cases of the inverse curve. Although different alternative mesh was evaluated in the first stage of research, this type of mesh was selected regarding to runtime and error between computed and observed water surface profile. It can be seen that the highest error of numerical results is for the / ratio of 1.5 which is 21.7 less than the amount obtained in laboratory. Calculated difference indicates a good agreement between data and their proximity to one another. In Figures 10-12 , results of the absolute pressure distribution versus the spillway height are presented. In Figures 10-12 , both horizontal and vertical axes are dimensionless. The horizontal axis represents the absolute pressure ratio to the atmospheric pressure and the vertical axis indicates the spillway height which is normalized between 0 and 1. Zero represents the spillway crest height and the number (-1) indicates the toe height. According to Figures 10-12 , need for inverse curve is always required because pressure dramatically increases in its absence, due to separation of flow lines from the curved surface and contact with air. By increasing the curvature radius of this curve, the pressure increase gradually decreases. For / of 2.5, the pressure is reduced 0.0246
. Increment in the value of / compared to / , the pressure constant in the toe is increased and the effect of inverse 1154 curvature on pressure reduction is decreased. In Figures 13 to 15 , relationship between the maximum relative pressure and / are given. A quadratic polynomial equation were fitted to the relationships. Table 2 shows the details of the fitted equation and the corresponding regression coefficient  The maximum pressure on the inverse curve is reduced by increasing the radius of curvature.
 Pressure increment in zero curvature is caused by sudden collision of flow lines and turbulence caused by it. While by increase in inverse profile curvature, the turbulence is created in flow lines and therefore, the maximum pressure shows a lower value than before.
When / ratio increases, the maximum pressure also increases which is reasonable.
Conclusion
Here, the flow behavior on the ogee spillway is numerically simulated. 2 dimentional numerical simulation was performed by Fluent software, and turbulence model of RNG -was used for modeling turbulences in the flow. The results of numerical solution were compared and validated by laboratory results obtained by Chatila and Tabara (2004) . The highest error of numerical solution for the / ratio of 1.5 was -21.7 mm demonstrating closeness of data and good agreement between the numerical and laboratory results. A dimensionless number was considered for introducing the inverse curvature of the arc which is the ratio of curvature radius to the spillway design ( / ). In order to study the effect of inverse curvature on distribution of the spillway body pressure profile, four values were considered for the mentioned dimensionless number which are zero (without inverse curve), one (1), one and a half (1.5), two (2) , and two and a half (2.5). Of course, it should be noted that each of these states were simulated for three different values of water head. Based on the surveys, an inverse curve is clearly essential because in its absence, the pressure on the spillway body increases at once in the toe area. By increasing the curvature radius of the inverse curve, this pressure increase is reduced; as in / = 2.5, the pressure is reduced by 2.46%. Some relationships are also provided to predict the pressure reduction relation. That's while the average pressure did not show significant changes at different values of curvature radius. It should be noted that the reduction of maximum pressure against increasing the curvature radius should be regarded with economic considerations. Because increasing the curvature radius of the inverse curve increases economic costs as well.
